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the bound gas, the debris from each star would be digested 
separately-in contrast to Hills' (35) "debris cloud" model of 
quasars, where the disruptions were postulated to be frequent 
enough to generate (compare Eq. 3) a quasar-level luminosity, but 
the orbital periods of the debris (ocMh1 ) are longer. The role of 
debris from disrupted stars in "activating" quiescent galaxies has 
been discussed by several authors, particularly by Ozernoi, Sanders, 
and their respective collaborators (36, 37), and preliminary numeri- 
cal computations of stellar disruption have already been published 
(38, 39). The quantitative details of the smallest "flares" depend on 
viscosity, relativistic precession effects, and so on, and are explored 
more fully elsewhere (34, 40, 41). 

When individual stars are being captured at the modest rate 
expected in relatively quiescent nuclei, the bulk of the debris from 
each would be swallowed or expelled rapidly compared with the 
interval between successive stellar captures. The most conspicuous 
result would be a flare (predominantly of thermal ultraviolet or x-ray 
emission) which may attain a quasar-level luminosity for a year or so 
before gradually fading (34, 40, 41). 

The behavior of stars passing well within the tidal radius rT exhibits 
special features. Such stars are not only elongated along the orbital 
direction but are even more severely compressed into a prolate shape 
(that is, a "pancake" aligned in the orbital plane) (28-31). This 
compression is halted by a shock, raising the matter (which then 
rebounds perpendicular to the orbital plane) to a higher adiabat. 
Also, there is the possibility of explosive nuclear energy release, and 
a still larger resultant spread in the energy of the debris. The orbits 
for which extreme compression occurs would enter regions where 
relativistic effects were more important than for those with 
rmin = rT- 

For hole masses Mh - 108 MO, solar-type stars cannot be disrupt- 
ed without entering the strongly relativistic domain. The form of the 
black hole (Schwarzschild or Kerr?) then has an important quantita- 
tive effect, as does (for a rotating Kerr hole) the orientation of the 
stellar orbit relative to the hole's spin axis. Stars on counter-rotating 
orbits are more readily captured, with the result that Kerr holes 
would spin down if they gained mass primarily from stellar capture. 
When the hole mass is >>108 MS most main-sequence stars would 
be swallowed whole (rT > rg), and only giants would generate 
gaseous debris. 

Observability of Flares from Disrupted Stars 
The most distinctive consequence of a 106 to 108 MS black hole's 

presence would be transient flares whenever bound debris from a 
star was swallowed, the luminosities being as high as LE - 1044M6 
erg s -. In a given object, these flares would have a duty cycle of 
order 10-3 at peak luminosity. The rise time and the peak bolomet- 
ric luminosity can be predicted with some confidence. However, the 
effective surface temperature (and thus also the fraction of the 
luminosity that emerges in the visible band) is harder to predict- 
this depends on the size of the effective photosphere that shrouds 
the hole, particularly when M is high. The median luminosity would 
be far below that which would result from steady efficient accretion of 
the mass supply implied by Eq. 2. Therefore we would not yet 
expect to have detected such a flare. On the other hand, a sufficiently 
large sample of such galaxies should reveal some members of the 
ensemble in a flaring state. Such events could be searched for out to 
large distances: they would last rather longer than supernovae and 
would differ from typical AGNs through the lack of any extended 
structure (emission line or radio components). The central location 
of the phenomenon, however, militates against its detection in 
supernova searches, which are notoriously incomplete in the inner 

high surface brightness regions of galaxies. If ; 106 MO holes were 
prevalent even in small galaxies, the nearest such flares, in any given 
year, may be no further away than the Virgo Cluster. 

Several aspects of stellar disruption call for detailed stellar dynami- 
cal and hydrodynamic calculations, which cannot simulate the 
essence of the phenomenon without being fully three-dimensional. 
Also, relativistic precession has an important effect on the flow at 
r ' rT. Obviously, precise modeling should allow for a realistic 
range of stellar types and of impact parameters. 

A further question is how fast the brightness fades after a flare. 
This is important because we want to know whether the center has 
faded below detectable levels before (1,000 to 10,000 years later) 
the next stellar disruption occurs. The answer to this question 
depends on how long it takes the last "dregs" of a disrupted star to 
be digested. Bits of debris that are on orbits bound to the hole, but 
only marginally so, will continue to rain down long after the bulk of 
the debris has been swallowed. One expects. the infall rate M to 
decline at t-513 for late times (34). Some material may, moreover, be 
stored for a long time in an accretion disc (40, 41): the specific 
angular momentum goes as r112 for Keplerian orbits, so angular 
momentum transport via disc viscosity requires that 10% of the 
debris goes out to 100 rT, and 1% to 104 rT, before being 
swallowed. Even if the peak bolometric luminosity is sustained for 
- 1 year, a galactic nucleus may fade more slowly in the visible and 
infrared bands because of light echos and reprocessing of the 
ultraviolet flare by gas or dust within the central kiloparsecond. 

If most galaxies harbor black holes, then if we look at the nearest 
few thousand galaxies we would expect to catch a few near the peak 
of a "flare," and probably rather more in a state where the effects of 
the most recent tidal disruption were still discernible. A highly 
worthwhile program would be to monitor all galaxies in the Virgo 
Cluster on an annual basis, seeking evidence for the occasional stellar 
disruption. 

Mergers and Binary Black Holes 
We have seen that there may be black holes in most galaxies. It is 

also implied by the data in Fig. 1 that most of these had already 
formed by the time the universe was 2 or 3 billion years old. There 

Fig. 5. A solar-type star Max escape 
approaching a massive Mean binding speed-104 km s- 
black hole on a parabolic energy1 0-5c2 
orbit with pericenter dis- 
tance rT is distorted and 
spun up during infall, 
and then tidally disrupt- 
ed. The average specific 
binding energy of the 
debris to the hole is Max binding 
_10-5 c2 (of order the energy-103c2 

self-binding energy of 
the original star). How- 
ever, the spread in this I 

I I Mh" 
energy [of order vAv, I M. where v - c(rTIr )-1/2 1% 
and Av = (Gm*lr*) /2] is /, 
-10 c2 for hole mass- 
es Mh-106 M0. Al- t I most half the debris / 
would therefore escape " 
on hyperbolic orbits 4--, 
with speeds up to _ 104 
km s-'; the most tightly 
bound debris would traverse an elliptical orbit with major axis ~-103 rg 
before returning to r rT. Radiation from this debris, much of which may 
swirl down into the hole, creates a conspicuous "flare." 
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Stellar tidal disruption events (TDEs)
• Star passes within 

Roche radius (rT) 


• Half of the debris 
remains bound


• Steep fallback rate: t-5/3


• Rare events: ~104 yr 
wait time per galaxy


• M>108 M⊙, Roche radius 
inside black hole horizon
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When individual stars are being captured at the modest rate 
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rebounds perpendicular to the orbital plane) to a higher adiabat. 
Also, there is the possibility of explosive nuclear energy release, and 
a still larger resultant spread in the energy of the debris. The orbits 
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tive effect, as does (for a rotating Kerr hole) the orientation of the 
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orbits are more readily captured, with the result that Kerr holes 
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When the hole mass is >>108 MS most main-sequence stars would 
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Observability of Flares from Disrupted Stars 
The most distinctive consequence of a 106 to 108 MS black hole's 
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star was swallowed, the luminosities being as high as LE - 1044M6 
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luminosity that emerges in the visible band) is harder to predict- 
this depends on the size of the effective photosphere that shrouds 
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be far below that which would result from steady efficient accretion of 
the mass supply implied by Eq. 2. Therefore we would not yet 
expect to have detected such a flare. On the other hand, a sufficiently 
large sample of such galaxies should reveal some members of the 
ensemble in a flaring state. Such events could be searched for out to 
large distances: they would last rather longer than supernovae and 
would differ from typical AGNs through the lack of any extended 
structure (emission line or radio components). The central location 
of the phenomenon, however, militates against its detection in 
supernova searches, which are notoriously incomplete in the inner 

high surface brightness regions of galaxies. If ; 106 MO holes were 
prevalent even in small galaxies, the nearest such flares, in any given 
year, may be no further away than the Virgo Cluster. 

Several aspects of stellar disruption call for detailed stellar dynami- 
cal and hydrodynamic calculations, which cannot simulate the 
essence of the phenomenon without being fully three-dimensional. 
Also, relativistic precession has an important effect on the flow at 
r ' rT. Obviously, precise modeling should allow for a realistic 
range of stellar types and of impact parameters. 

A further question is how fast the brightness fades after a flare. 
This is important because we want to know whether the center has 
faded below detectable levels before (1,000 to 10,000 years later) 
the next stellar disruption occurs. The answer to this question 
depends on how long it takes the last "dregs" of a disrupted star to 
be digested. Bits of debris that are on orbits bound to the hole, but 
only marginally so, will continue to rain down long after the bulk of 
the debris has been swallowed. One expects. the infall rate M to 
decline at t-513 for late times (34). Some material may, moreover, be 
stored for a long time in an accretion disc (40, 41): the specific 
angular momentum goes as r112 for Keplerian orbits, so angular 
momentum transport via disc viscosity requires that 10% of the 
debris goes out to 100 rT, and 1% to 104 rT, before being 
swallowed. Even if the peak bolometric luminosity is sustained for 
- 1 year, a galactic nucleus may fade more slowly in the visible and 
infrared bands because of light echos and reprocessing of the 
ultraviolet flare by gas or dust within the central kiloparsecond. 

If most galaxies harbor black holes, then if we look at the nearest 
few thousand galaxies we would expect to catch a few near the peak 
of a "flare," and probably rather more in a state where the effects of 
the most recent tidal disruption were still discernible. A highly 
worthwhile program would be to monitor all galaxies in the Virgo 
Cluster on an annual basis, seeking evidence for the occasional stellar 
disruption. 

Mergers and Binary Black Holes 
We have seen that there may be black holes in most galaxies. It is 

also implied by the data in Fig. 1 that most of these had already 
formed by the time the universe was 2 or 3 billion years old. There 
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X-ray state changes
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Figure 4. Light curves and ↵ox evolution of AT2018fyk. Top left: Swift/XRT 0.3–10 keV (black triangles) and Swift/UVW1
(green circles) light curves. The black star, square and diamond represent Swift, XMM3 and Chandra X-ray upper limits,
respectively. The vertical coloured lines denote transitions in source properties as detailed in Section 3.3 and Table 3, while
vertical black dashed lines indicate long stare X-ray observations. Top right: ↵ox as a function of the bolometric Eddington
fraction. A representative error bar is shown in black in the top left; the uncertainty in fEdd,bol is dominated by the intrinsic
scatter in the M–� relation. The typical transition luminosity of stellar-mass black holes is shown as a grey shaded band.
Bottom panels: XMM high cadence (bin size of 200 s) lightcurves during the XMM1 (left) and XMM2 (right) observations.
Background rates are shown in grey, o↵set (for display purposes) by +0.4 and +0.5 for XMM1 and XMM2, respectively.

Table 3. Observational properties for each phase labelled in Figure 4. The phase is referenced with respect to the discovery
epoch. fEdd is the bolometric Eddington fraction of emission. BB stands for blackbody; PL for power-law.

Phase / State MJD Phase ↵ox fEdd X-ray spectral state X-ray PSD power UV var.

A / Soft 58383 – 58446 14 – 77 2.0 ⇠0.1 BB dominated Low ⌫ (<10�5 Hz) Yes

B / Transition 58447 – 58574 78 – 205 1.6 ⇠0.05 — Low ⌫ (<10�5 Hz) Yes

C / Hard 58576 – 58717 207 – 348 1.2 ⇠0.03 PL dominated Low+high ⌫ (<10�3 Hz) No

D / Hard 58721 – 58858 352 – 489 1.2 ⇠0.03 PL dominated Low+high ⌫ (<10�3 Hz) Yes

E / Quiescent 58930 – ... 561 – ... >1.9 <0.0004 — — —

Accretion state transitions in a TDE 15

Table 5. Results of the power-spectral fitting. The rms values are reported in various frequency bands. The black
hole mass is calculated using the bend frequency in combination with the relation of McHardy et al. (2006). Values
marked with an asterisk have negative error bars bounded by the parameter range. †99% confidence upper limit. ‡99%
confidence lower limit (the upper range of rms is not well constrained since the low frequency power-spectral shape is not
well constrained by the soft state light curve).

State log(⌫bend) ↵HF rms (%) rms (%) rms (%) rms (%) log(MBH)

(Hz) (10
�7

–10
�3

Hz) (10
�7

–10
�6

Hz) (10
�6

–10
�5

Hz) (10
�5

–10
�3

Hz) (M�)

Hard (↵LF = 0) –5.00
+0.33

�0.27
–2.65 + 0.5

⇤
54±1 13

+4

�3
39

+5

�8
35

+7

�8
7.25±0.55

Hard (↵LF = �1) –4.26
+0.33

�0.20
–2.75 + 0.5

⇤
55

+1

�3
32

+4

�3
32

+5

�8
31

+7

�8
6.9±0.55

Soft < –5.5
†

–2.95 + 0.5
⇤

21
‡

32
+4

�7
7
+2

�1
1
+1

�0.5
—

Figure 9. AT2018fyk in the hardness - intensity diagram;
hardness is represented by ↵ox . Note that we have reversed
the horizontal axis to reproduce the classical HID. The grey
bands show the typical turtle-head evolution of stellar-mass
black holes in outburst. The TDE was discovered after peak
light in the soft state; the observations missed the equiva-
lent of the rising phase and hard to soft transition in X-ray
binaries (segments marked with grey arrows).

At the time of discovery, we find AT2018fyk at high
↵ox , with an X-ray spectrum dominated by thermal
emission with a temperature of kT = 120–140 eV. The
bolometric luminosity peaks around Lbol ⇡ 0.1LEdd and
is already declining, suggesting that we missed the rise
to peak. The corona is present but weak, contributing
only 5–25 % of the X-ray flux and a few per cent of
the bolometric luminosity. This is consistent with the
power-law fraction observed in outbursting stellar-mass
black holes in the soft state (⇠ 1 � 60%; e.g. Dunn

et al. 2010), but inconsistent with the properties of soft
state AGN where the corona is typically dominant (e.g.
even for highly accreting narrow-line Seyfert 1 AGN the
PL fraction is on average 70%, see e.g Vaughan et al.
1999; Gliozzi & Williams 2020; see also Section 4.7 for a
more elaborate comparison to AGNs). The source is not
detected at radio wavelengths (radio luminosity/X-ray
luminosity = Lradio / LX . 10�6, Wevers et al. 2019a),
and we find no significant photometric variability on
short timescales (frequencies &10�6 Hz; see Figure 8).
These properties are analogous with the soft states of
stellar-mass black holes (Homan & Belloni 2005; Remil-
lard & McClintock 2006).

When fEdd,bol drops below ⇠ 0.05, roughly consistent
with the typical transition luminosities of stellar mass
black holes (ranging from a few to ⇠10 %, Maccarone
et al. 2003), AT2018fyk transitions into an intermediate
state (phase B). Both the SED (i.e., ↵ox , top right panel
of Figure 4) and the X-ray spectrum harden significantly
over time (Figure 6). The observations show an increase
in the X-ray power-law fraction (hardening), as well as
an increasingly significant contribution of the power-law
to the total bolometric luminosity. This is consistent
with a scenario where the inner accretion disk becomes
very cool or evaporates and the relative strength of the
corona increases.
When the source reaches phase C, ↵ox stabilises, and

the power-law component dominates the X-ray spec-
trum (providing >50% of the X-ray flux), and the X-ray
flux varies dramatically. Rapid, large amplitude vari-
ability is present on both short (a few tens of minutes;
bottom right panel of Figure 4) and long (days; top left
panel of Figure 4) timescales. The onset of fast vari-
ability on roughly ten minute timescales is indicative of
emission dominated by a compact emitting region, viz.,
an X-ray corona (see Section 3.5 and 4.2). We note that
the power-law contribution to the bolometric output in
this state is similar to that seen in type 1 AGN with Ed-

 AT 2018fyk
Wevers et al. (2021)



QPO detection: probe spin

8 Figure 4: Black Hole dimensionless spin parameter vs mass contours: Spin vs mass contours
assuming the 7.65 mHz QPO is associated with any of three particle frequencies: Keplerian fre-
quency (⌫�, blue), vertical epicyclic frequency (⌫✓, magneta) and Lense-Thirring precession
(⌫� - ⌫✓, green) at the innermost stable circular orbit (ISCO). At the ISCO the radial epicyclic
frequency (⌫r) is zero and the periastron precession frequency (⌫� - ⌫r) is thus equal to the Ke-
plerian frequency (see SI). The widths of these contours reflect the QPO’s width of 0.7 mHz
(upper limit). The dotted horizontal lines show ASASSN-14li’s BH mass range (105.8�7.1 M�)
estimated from its host galaxy scaling relations. Within this mass range, the only formal solu-
tions are the ones that require the BH spin to be greater than 0.7.

11

Keplerian

Lense-Thirring

 precession

Expected black hole mass

Figure 2: ASASSN-14li’s x-ray QPO at 7.65 mHz is detected by three different telescopes:
XMM-Newton, Chandra and Swift. (a) ASASSN-14li’s averaged x-ray PDS using eight con-
tinuous 10,000 s light curves taken with XMM-Newton and Chandra/ACIS. The frequency res-
olution is 0.8 mHz. The strongest feature in the power spectrum lies at a frequency of 7.65±0.4
mHz (⇡131-seconds). The dashed horizontal blue, magenta, and red lines represent the 3, 4,
and 5� white noise statistical contours. The powers surrounding the QPO feature are consistent
with white noise (see SI) but we also estimated the QPO significance under various red noise
models to find that it is significant at at least the 3.9� level (see SI). ±1� uncertainties are shown
in grey. Independently, the QPO is evident at the ⇡4� and & 2.6� levels in the XMM-Newton
and Chandra/ACIS, respectively (see SI Fig. S9). (b) Average Swift/XRT PDS. Swift/XRT’s
effective area is roughly 1/20th that of XMM-Newton. Nevertheless, we evaluated the average
XRT PDS using the entire archival data. We used 85 continuous 1000 s light curves with a fre-
quency resolution of 1 mHz. The horizontal line shows the 3� contour assuming a single trial
search at 7.65 mHz. The highest peak in the power spectrum is at 7.0±0.5mHz and is consistent
with the most prominent feature in the XMM-Newton and the Chandra power spectra (SI Fig.
S9).
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Pasham et al. (2019)
observations of ASASSN-14li
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5.3.2 Total rate

By integrating the XLF over the entire luminosity range
probed here (1042.5 < log LX < 1045 erg s�1) we can estimate
the average TDE volumetric rate in the z = 0–0.6 Universe:
(2.1±1.0)⇥10�7 Mpc�3 year�1. Given the total galaxy volume
density of ⇠ 2⇥10�2 Mpc�3 (Bell et al. 2003), this translates
to a rate of R = (1.1±0.5)⇥10�5 TDEs per galaxy.

This estimated specific TDE rate is consistent with the ear-
liest estimate of R⇠ 9⇥10�6 yr�1 per galaxy, based on 3 TDEs
detected during the ROSAT all-sky survey and followed-up
during ROSAT pointed observations (Donley et al. 2002). An-
other published estimate is much higher, R ⇠ 2⇥10�4 yr�1 per
galaxy (Esquej et al. 2008), but it is based on just 2 TDEs dis-
covered during the XMM-Newton Slew Survey (Saxton et al.
2008) and undetected previously during the ROSAT all-sky
survey. Yet another estimate was presented by Khabibullin
& Sazonov (2014), who used a sample of 4 candidate TDEs
selected based on their brightness during the ROSAT all-
sky survey and non-detection in subsequent XMM-Newton

pointed observations: R ⇠ 3⇥ 10�5 yr�1 per galaxy. In sum-
mary, all these previous estimates were based on extremely
small samples of X-ray selected TDEs, and within their large
(and poorly defined) uncertainties appear to be in line with
the new result obtained here based on the first SRG TDE
sample.

For comparison, existing estimates of the total rate of
optically-UV selected TDEs are ⇠ 10�4 yr�1 per galaxy (van
Velzen et al. 2020), which is significantly larger than our X-
ray based estimate. This possibly indicates that the XLF
shown in Fig. 14 continues to rise below LX ⇠ 1042.5 erg s�1.
However, the optical TDE rate, currently determined for
Lg > 1042.5 erg s�1, may also increase if less luminous TDEs
are included.

The lower volumetric rate of X-ray TDEs compared to that
of optical TDEs may also imply that X-ray bright TDEs con-
stitute a minority of all TDEs. The latter possibility would
provide support to TDE models (e.g. Dai et al. 2018; Curd
& Narayan 2019) that predict a strong dependence of the
optical/X-ray brightness ratio on the viewing angle: namely
that we can only observe TDEs (during their luminous early
phase) in X-rays from directions close to the axis of a thick
accretion disk (formed from the debris of the disrupted star)
with a powerful wind, while at larger inclination angles one
can only observe the reprocessed optical-UV emission. How-
ever, since not only the viewing direction but also the black
hole mass is expected to play a key role in diversity of TDE
types (Mummery 2021), a more elaborate comparison be-
tween TDE population properties inferred from this work and
from optical studies should be done.

In future work, we plan to lower our X-ray detection thresh-
old by a factor of ⇠ 2, which should increase the TDE discov-
ery rate by eROSITA by a factor of ⇠ 3 (assuming that the
TDE XLF continues to grow to lower luminosities, so that
the resulting eROSITA sample is dominated by low-redshift
events). Given that our current sample of bright TDEs de-
tected on one half of the sky over a period of half a year
comprises 16 confirmed events, this implies that ⇠ 200TDEs
per year can be detected by eROSITA over the whole sky
and a total of ⇠ 700TDEs can be discovered by the end of
the 4-year SRG survey (excluding from this calculation the
first of the 8 planned sky scans). These numbers are con-

Figure 15. Rest-frame g-band luminosity vs. rest-frame 0.2–6 keV
luminosity for the SRG TDEs (labeled by the internal numbers in
Table 1).

sistent within an order of magnitude with predictions done
for the SRG/eROSITA all-sky survey prior to its beginning
(Khabibullin et al. 2014; Jonker et al. 2020), which, however,
strongly depend on the distribution of spins of the black holes
associated with TDEs. Continued search during the SRG sur-
vey will allow us to further narrow down the rate of stellar
disruptions in galactic nuclei and place tighter constraints on
the underlying population of black holes.

5.4 Optical faintness

A salient feature of the TDEs discovered by SRG/eROSITA
and studied here is their optical faintness. Figure 15 shows
the inferred optical vs. X-ray luminosities (from Table 11) for
our sample. For the four TDEs that have shown noticeable
optical flares in addition to X-ray activity, the Lg/LX ratio is
constrained between 0.01 and 0.3. For the remaining TDEs,
Lg/LX < 0.3 and for most of them Lg/LX < 0.1.
These constraints are conservative. Indeed, the possibility

that the peak of TDE optical emission has been missed is
already taken into account in our Lg estimates (see §4.2). On
the other hand, as discussed before, our LX estimates should
be considered lower limits on the maximum X-ray luminosity.
Therefore, the Lg/LX ratios can actually be somewhat smaller
than shown in Fig. 15.
The SRG TDEs studied here are similar to the very first

TDEs that came to light thanks to the ROSAT X-ray ob-
servatory three decades ago, but drastically di↵erent from
those discovered recently in the optical/UV, for which typi-
cally Lg > LX (e.g. Gezari 2021). Although it is certainly too
early to draw firm conclusions on the underlying physical pic-
ture, it is possible that we are dealing here with the same ori-
entation e↵ect that was discussed above in relation to the ob-
served TDE volumetric rate. Namely, that most of the TDEs

MNRAS 000, 000–000 (0000)

• 13 X-ray selected TDEs


• Soft spectra, large flux increase


• Optical dim 


• Relatively high mass host galaxies 


• X-ray rate lower than optical rate

Sazonov et al. (arXiv:2108.02449)
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Fig. 7.— Schematic of the proposed jet model for the tidal dis-
ruption flare ASASSN-14li. Shown here is a snapshot of the jet
at the end of the radio monitoring observations (June, 2015). The
X-ray–radio correlation and the radio spectral evolution can both
be explained as follows. First, perturbations in the accretion rate
are manifested as X-ray flux variations and, via the disk–jet cou-
pling, lead to perturbations in the jet power. The jet power is used
to accelerate electrons, which produce synchrotron emission. As
the synchrotron radiating electrons are swept further along the jet
axis, they start to cool adiabatically. When their emission becomes
optically thin to self-absorption at 16 GHz, at ⇠ 1016 cm from the
black hole (about 13 days later), the observed X-ray–radio corre-
lation emerges. Applying our jet model to the radio observations
of ASASSN-14li (Fig. 8), we estimate the jet flow velocity at these
radii to be about 0.5c.

peak frequency (see Sec. 4.1), additional evidence for this
adiabatic evolution is the apparent exponential turnover
at ⌫ ⇡ 15 GHz in the radio SEDs (see Fig. 8). This
turnover is most clearly seen in the radio data taken on
2015 Aug 28, Sep 8-11 (see Fig. 8). While this can be
explained by synchrotron cooling, matching the cooling
time at 16 GHz to the dynamical time requires a mag-
netic field that is two orders of magnetic higher than the
observed equipartition value. In other words, the ob-
served high-frequency break in the radio spectra can be
explained by synchrotron cooling, but only if the parti-
cles were accelerated in a region with a magnetic field
that is higher than the equipartition value. This can be
established if the acceleration happened downstream in
a jet (i.e., .closer to the black hole), where the magnetic
strength is larger. To include the e↵ect of synchrotron
cooling on the spectral shape, we allow the maximum
Lorentz factor of the electrons, �max, to be a free param-
eter in our jet model.
To predict the light curve in an adiabatic jet model,

we use a superposition of non-overlapping spheres in a
conical geometry (Fig. 7), each with a flux given by their

Fig. 8.— Adiabatic jet model and multi-frequency radio obser-
vations of ASASSN-14li. This jet model is a superposition of syn-
chrotron emitting spheres, each expanding with the same velocity
in a conical jet geometry. The electrons in each region in the jet
cool adiabatically, which yields the decrease of the peak luminosity
with time. Data points with the same colors are semi-simultaneous
(epochs are labeled in the legend). The width of each model curve
indicates the range of the predicted flux due to the temporal spread
of the observations.

magnetic field and radius (Eq. 9). If each sphere receives
the same amount of jet power, the total flux (i.e., the
contribution from all the spheres) yields the well-known
flat-spectrum, S⌫ / ⌫0. Following van der Laan (1966)
and Marscher & Gear (1985) we account for adiabatic
cooling of electrons via the normalization of the electron
energy distribution

K(z > z0) = (z/z0)
2(1�p)/3. (10)

Here z is distance measured along the jet axis and z0 is
the distance from the black hole where electrons are no
longer accelerated and the jet starts to cool. Adding this
cooling term to Eq. 9, we retrieve the scaling of Marscher
& Gear (1985) for the peak flux with frequency at peak
of an adiabatic jet (Eq. 3).
Since we have a rapid decrease in the accretion power,

we expect that the jet power (Qj) downstream from the
jet head (zhead) will decrease. We model this with a
power-law scaling,

Qj(z, t) = (z/zhead(t))
cQ , (11)

with cQ a free parameter. A second free parameter of
our jet model is the scaling of the magnetic field along
the jet axis

B(z, t) = B0(z/z0)
cB ⇥Q1/2

j (z, t) . (12)

If no magnetic energy is lost and the jet can freely expand
to yield a conical geometry we expect cB = �1 (Bland-
ford & Rees 1974; Blandford & Königl 1979; Falcke &
Biermann 1995). We stress that cB and cQ are not de-
generate; cB parameterizes how the radio flux from every

Figure 2: X-ray and radio light curves show similar variations. The 16 GHz radio light curve of
ASASSN-14li is shown as blue squares. The black data points show the X-ray light curve offset by
13 days and interpolated at the radio epochs. Both light curves were de-trended by subtracting the
best-fit power-law decay, leaving only the variability features. The X-ray and the radio fractional
variability amplitudes on top of the power-law decay are 10±1% and 16±1%,respectively. The
solid curves, which are running averages over a 10 day window, are shown to guide the eye.
Typical 68% uncertainties are shown as vertical bars.
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~10 TDEs detected via 
radio follow-up
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Fig. 1 Literature TDE radio observations. To date, nine TDEs have published radio
detections: Sw J1644+57, SwJ2058+05, SwJ1112-82, IGR J12580+0134, ASASSN-14li,
XMMSL1 J0740-85, Arp 299-B AT1, CNSS J0019+00, and AT2019dsg (colored circles;
see Table 1 and references therein). Although most of the detected TDEs were observed at
multiple frequencies, for simplicity we show only a single frequency for each event (8.4 GHz
for Arp 299-B AT1 and AT2019dsg, 5 GHz for all others). An additional 23 events have
published upper limits (gray triangles; a key to the labels is given in the first column of
Table 2). When a non-detected TDE was observed at multiple frequencies on the same date,
we show only the most constraining limit. All upper limits are 3�.

generally assume that both radio-loud and radio-quiet TDEs are powered by
the disruption of a star, the parameters of the disruption could be di↵erent.
Radio-loud TDEs also exhibit bright high-energy emission and are discussed
in more detail by Zauderer et al. (2020) in this volume. Their unique prop-
erties are generally attributed to the fact that they launch very energetic
relativistic jets viewed on-axis, while other TDEs either launch jets viewed
o↵-axis or do not launch energetic jets. (O↵-axis jets will have a much fainter
peak luminosity than on-axis jets because the radio emission is suppressed at
early times by Doppler beaming, as discussed above.) Di↵erences in param-
eters such as circumnuclear density, magnetic field strength or configuration,
black hole spin, and disruption geometry may also contribute to the observed
wide range of TDE radio luminosities (e.g. Giannios and Metzger 2011; van
Velzen et al. 2011; van Velzen et al. 2013; Krolik et al. 2016; Generozov et al.
2017; Yalinewich et al. 2019). The impact of host galaxy environment on TDE

Alexander, van Velzen, et al. (2020)

• High luminosity jetted TDEs: powered by 
BH (Sw J1644+57)


• Origin of low-luminosity radio emission 
from thermal TDEs debated:


‣ (sub)-relativistic jet


‣ outflow from disk


‣ unbound stellar debris


• ~1/4 of thermal TDEs detected in radio


• Few radio-selected TDEs candidates 
(Mooley eta al. 2016; Anderson et al. 2019; Somalwar 
et al. 2021)



Radio transients on ~1 year timescale
Are these due to stellar tidal disruptions?

• Possible, but both sources 
show evidence for accretion 
prior to the radio flare
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Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1

✓
⌫

1 GHz

◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2

✓
⌫

1 GHz

◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):

F⌫

mJy
= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫

1 GHz

◆�2.1

. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.

14

Frequency [GHz]

1.0

0.7

0.8
0.9

2.0

3.0

4.0

F
lu

x
D

en
si

ty
[m

Jy
]

SSA model

FFA model

VLA Follow up

VLASS E2

VLASS E2 fit

1 102 3 4 5 6 7 8 9 20

Frequency [GHz]

1.0

0.7

0.8
0.9

2.0

3.0

4.0

F
lu

x
D

en
si

ty
[m

Jy
]

Inhomog.

Multi-comp.

Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1

✓
⌫

1 GHz

◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2

✓
⌫

1 GHz

◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):

F⌫

mJy
= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫

1 GHz

◆�2.1

. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.
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Figure 2. The evolution of the broadband spectral energy distribution (SED) of CNSS J0019+00, as observed with the VLA
in 5 epochs spaced across 2.5 yr. The synchrotron spectra are modeled according to Equation 1 of Granot & Sari 2002. In our
analysis, we assume optically thick and thin spectral indices of ⌫2 and ⌫�1.15, respectively. The latter is expected for an electron
energy distribution described by a power law with p = 3.3.

Table 2. Swift observations of CNSS J0019+00.

Luminosity (10
40

erg s
�1

)

UT Date Exposure Time (ks) Band (keV) Count Rate (counts s
�1

)

power law with photon index 2 10,000 K black body

2015 May 26 5.8
0.3 � 10  9.3 ⇥ 10

�4  2.4  4.0
2015 Jun 07 6.3

Note—Swift follow-up observations at the location of CNSS J0019+00, starting approximately 464 days after the outflow launch.

indicating that either there is no associated optical transient or that any optical signatures had faded by the time of
our follow-up observations approximately 612 days after the launch of the outflow (see Section 3).

3. MODELING OF THE SYNCHROTRON SPECTRA

The spectra of CNSS J0019+00 (Figure 2) are well described by synchrotron emission from an outflow expanding into
and shocking the surrounding medium. From the evolution of the synchrotron spectra observed from CNSS J0019+00
in the radio follow-up observations, a number of parameters characterizing the source can be derived as a function
of time, including the size of the source, the minimal equipartition energy, the ambient density, and magnetic field
strength. Each spectrum provides an independent constraint on these parameters, based only on the frequency and

Anderson+19



Radio transients on ~1 year timescale
Are these due to stellar tidal disruptions?

• Possible, but both sources 
show evidence for accretion 
prior to the radio flare

• IR flare in one case (VT J1548)


‣ AGN with large IR flares are 
also more radio-loud (Dai+20)
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Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1

✓
⌫

1 GHz

◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2

✓
⌫

1 GHz

◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):

F⌫

mJy
= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫

1 GHz

◆�2.1

. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.
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Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1

✓
⌫

1 GHz

◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2

✓
⌫

1 GHz

◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):

F⌫

mJy
= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫

1 GHz

◆�2.1

. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.
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Figure 2. The evolution of the broadband spectral energy distribution (SED) of CNSS J0019+00, as observed with the VLA
in 5 epochs spaced across 2.5 yr. The synchrotron spectra are modeled according to Equation 1 of Granot & Sari 2002. In our
analysis, we assume optically thick and thin spectral indices of ⌫2 and ⌫�1.15, respectively. The latter is expected for an electron
energy distribution described by a power law with p = 3.3.

Table 2. Swift observations of CNSS J0019+00.

Luminosity (10
40

erg s
�1

)

UT Date Exposure Time (ks) Band (keV) Count Rate (counts s
�1

)

power law with photon index 2 10,000 K black body

2015 May 26 5.8
0.3 � 10  9.3 ⇥ 10

�4  2.4  4.0
2015 Jun 07 6.3

Note—Swift follow-up observations at the location of CNSS J0019+00, starting approximately 464 days after the outflow launch.

indicating that either there is no associated optical transient or that any optical signatures had faded by the time of
our follow-up observations approximately 612 days after the launch of the outflow (see Section 3).

3. MODELING OF THE SYNCHROTRON SPECTRA

The spectra of CNSS J0019+00 (Figure 2) are well described by synchrotron emission from an outflow expanding into
and shocking the surrounding medium. From the evolution of the synchrotron spectra observed from CNSS J0019+00
in the radio follow-up observations, a number of parameters characterizing the source can be derived as a function
of time, including the size of the source, the minimal equipartition energy, the ambient density, and magnetic field
strength. Each spectrum provides an independent constraint on these parameters, based only on the frequency and
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Radio transients on ~1 year timescale
Are these due to stellar tidal disruptions?

• Possible, but both sources 
show evidence for accretion 
prior to the radio flare

• IR flare in one case (VT J1548)


‣ AGN with large IR flares are 
also more radio-loud (Dai+20)

• Connection to state transition of 
the accretion disk? 
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Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1

✓
⌫

1 GHz

◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2

✓
⌫

1 GHz

◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):

F⌫

mJy
= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫

1 GHz
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. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.
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Figure 8. The observed radio SED and best fit models. The

top panel show the VLA follow-up observations in black, the

VLASS E2 observations in green, and the best fit self ab-

sorbed synchrotron and free-free absorbed models, with 1�

error bars. In both cases, the models provide extremely poor

fits. We also show an extrapolation of a power law fit to

the VLASS E2 points in green. The bottom panel shows

the non-standard synchrotron model fits. The blue band

shows the best-fit inhomogeneous model. The top-most or-

ange band shows the best-fit multi-component synchrotron

model. Each component is shown as an orange band in the

lower part of the panel. The non-standard models both pro-

vide substantially better fits.

fraction of the total energy used to accelerate electrons.
Equipartition is commonly assumed: ✏e = ✏B ⇠ 0.1,
where ✏B is the fraction of the energy density stored in
magnetic fields. The SSA model includes characteris-
tic frequencies: ⌫m, ⌫sa, and ⌫c. ⌫m is the synchrotron
frequency of the minimum energy electrons. ⌫sa is the
frequency below which emission is optically thick so syn-
chrotron self-absorption (SSA) is important. ⌫c is the
cooling frequency where the electron age is equal to the

characteristic cooling time by SSA. We refer the reader
to Ho et al. (2019) for a concise and clear description of
SSA models and the characteristic frequencies.

Typically, the dominant absorption mechanism in
TDE-driven outflows is SSA. Then, the radio flux den-
sity can be written (Snellen et al. 1999)

F⌫

mJy
= K1
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⌫
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◆2.5

(1 � e�⌧SA). (6)

⌧SSA = K2
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⌫
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◆�(↵+2.5)

. (7)

K1,2 are normalizations characterizing the SED flux and
optical depth, respectively. ↵ is the optically thin slope.
⌧SSA is the optical depth to SSA. We are forcing the
optically thick slope to be 5/2, which is expected for
optically thick blackbody emission, where the blackbody
temperature depends on frequency as ⌫1/2.

We fit this model to the observations using the
dynesty dynamic nested sampler (Speagle 2020a) with
uninformative Heaviside priors. The best-fit SED is
shown in the top panel of Figure 8, and the best-fit
parameters are summarized in Table 3. The observed
optically thick slope is shallower than the canonical
5/2. Variations on this standard SSA model can pre-
dict slopes as shallow as 2 (Granot & Sari 2002), which
is still inconsistent with our observations.

One possible modification of this model is strong free-
free absorption (FFA) rather than SSA. The SED for an
FFA dominated model is (Chevalier 1998):
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= K1

✓
⌫

1 GHz

◆�↵

e�⌧FFA . (8)

⌧FFA = K2

✓
⌫
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◆�2.1

. (9)

We fit this FFA model to the observations using the
same techniques as for the SSA model. The best fit
parameters are tabulated in Table 3 and the model is
shown in Figure 8. The fit is poor with �2/dof =
458/78.

We may not be in the canonical regime with ⌫sa <
⌫m < ⌫c for which the above parameterizations apply.
As we discuss later in this section, the magnetic fields
consistent with our SED are ⇠0.5 G. Assuming a &500
day age of the emission, the corresponding cooling fre-
quency is higher than our highest frequency observa-
tion, whereas the other two characteristic frequencies are
much smaller. Instead, we must consider non-standard
emission models. First, we use a model that allows for
inhomogeneities in the emitting region. Then, we con-
sider the sum of multiple, independent SSA models.

We model an inhomogenous emitting region follow-
ing Björnsson (2013); Björnsson & Keshavarzi (2017);
Chandra et al. (2019). The probability of observing a
given magnetic field is P (B) / B�a, B0 < B < B1.
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Figure 2. The evolution of the broadband spectral energy distribution (SED) of CNSS J0019+00, as observed with the VLA
in 5 epochs spaced across 2.5 yr. The synchrotron spectra are modeled according to Equation 1 of Granot & Sari 2002. In our
analysis, we assume optically thick and thin spectral indices of ⌫2 and ⌫�1.15, respectively. The latter is expected for an electron
energy distribution described by a power law with p = 3.3.

Table 2. Swift observations of CNSS J0019+00.

Luminosity (10
40

erg s
�1

)

UT Date Exposure Time (ks) Band (keV) Count Rate (counts s
�1

)

power law with photon index 2 10,000 K black body

2015 May 26 5.8
0.3 � 10  9.3 ⇥ 10

�4  2.4  4.0
2015 Jun 07 6.3

Note—Swift follow-up observations at the location of CNSS J0019+00, starting approximately 464 days after the outflow launch.

indicating that either there is no associated optical transient or that any optical signatures had faded by the time of
our follow-up observations approximately 612 days after the launch of the outflow (see Section 3).

3. MODELING OF THE SYNCHROTRON SPECTRA

The spectra of CNSS J0019+00 (Figure 2) are well described by synchrotron emission from an outflow expanding into
and shocking the surrounding medium. From the evolution of the synchrotron spectra observed from CNSS J0019+00
in the radio follow-up observations, a number of parameters characterizing the source can be derived as a function
of time, including the size of the source, the minimal equipartition energy, the ambient density, and magnetic field
strength. Each spectrum provides an independent constraint on these parameters, based only on the frequency and
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Spectrum of a tidal disruption flare 
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van Velzen et al. (Science, 2016);  
ASASSN-14li (Holoien et al. 2016)

T~104 K
R~1000 Rs

Origin 
debated



TDE locus in optical surveys (2011)
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TDE locus in optical surveys (2022)
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Now including 30 TDEs from ZTF-I

(van Velzen et al. 2021; Hammerstein et al. 2022)
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TDE locus in optical surveys (2022)

16

Now including 30 TDEs from ZTF-I

(van Velzen et al. 2021; Hammerstein et al. 2022)
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The event rate as a function of black hole mass
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Based on van Velzen (2018); updated with data from
data from Wevers, van Velzen et al. (2017), Wevers et al. (2019)



The event rate as a function of black hole mass
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Based on van Velzen (2018); updated with data from
data from Wevers, van Velzen et al. (2017), Wevers et al. (2019)
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Measuring the average spin of 
quiescent black holes
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ASASSN-15lh: Leloudas et al. (2016)
Figure: Stone & van Velzen (2022, in prep)
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Host galaxies: preference for “green valley”

20

65% of TDEs in green valley compared 
 to 10% of normal galaxies

Similar to post-starburst preference 
(Arcavi et al. 2014; French et al. 2016; Law-

Smith et al. 2017; Graur et al. 2017)

Hammerstein et al. 2021



Black hole mass and decay time
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  124 Page 8 of 33 S. van Velzen et al.

Fig. 3 Black-hole mass versus fallback time. The black-hole mass is estimated from the M-σ relation and
the fallback time follows from fitting a L ∝ t−5/3 power-law decay to the optical-ultraviolet blackbody
lightcurve. The dashed line indicates the predicted fallback rate for a star of one solar mass (Stone et al.
2013)

index fixed to −5/3. We find a statistically significant correlation between the black-hole
mass and decay rate (p = 0.005 for a Kendall’s Tau test). This correlation could indicate
that the early-time decay rate of the optical-ultraviolet emission is indeed determined by the
fallback rate.

X-ray detections are rare in the case of optically-discovered TDEs, and there are only
a few cases showing both optical-ultraviolet and X-ray emission: ASASSN-14li (Miller
et al. 2015; Holoien et al. 2016b; van Velzen et al. 2016, Fig. 4), AT 2018fyk (Wevers et al.
2019a) AT 2018zr, (van Velzen et al. 2019b), and most recently, AT 2019azh, AT 2019dsg,
and AT 2019ehz (van Velzen et al. 2020).

The existence of an observational dichotomy between optical-ultraviolet and X-ray TDEs
has been a topic of study. Loeb and Ulmer (1997), Strubbe and Quataert (2009), Guillochon
et al. (2014), Roth et al. (2016) and Auchettl et al. (2017) invoke material surrounding
the accretion disk as responsible for reprocessing of the X-ray photons from the disk into
optical and ultraviolet photons. Dai et al. (2018) expand on this picture by proposing that
the reprocessing material is concentrated in the equatorial direction, concluding that the
observed dichotomy is a viewing angle effect: the optical and ultraviolet emission are seen
from the equatorial direction, while a polar viewing angle will not cross the reprocessing
material and provide a line of sight directly into the X-ray emitting accretion disk. These
models are further discussed in the Emission Mechanisms Chapter of this book.

Many optical-ultraviolet TDEs with observations more than 100 days post-peak show a
flattening of the light curve to almost constant luminosity. A clear example is ASASSN-
14li (Brown et al. 2017). Using both HST and Swift/UVOT observations, van Velzen et al.
(2019a) find a flattening of the ultraviolet light curve for 10 out of 12 TDEs with late-
time observations. They show that this plateau phase can be explained by emission from an
accretion disk that forms after the disruption (Cannizzo et al. 1990). Mummery and Balbus
(2020) show that both the late-time ultraviolet plateau emission and the early-time X-ray
emission of ASASSN-14li can be explained using an evolving accretion disk.

van Velzen, et al. (2021), review article
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Spectrum of a tidal disruption flare 
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Transient IR emission from tidal disruption flares 9

0 100 200 300 400 500 600 700
Rest-frame days since peak

10−14

10−13

10−12

νF
ν

 (e
rg

 s
−1

 c
m

−2
)

PTF-09ge

Tidal flare (477 nm)
Tidal flare (623 nm)
Hot dust (3400 nm)
Hot dust (4600 nm)

Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
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16⇡�SBT
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d
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◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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a
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5.8
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◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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a
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1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity

Transient IR emission from tidal disruption flares 3

where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4
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da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =
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Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2
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5.8
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erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%

absorbed TDE UV flux  =     IR emission

van Velzen et al. (2016); Lu et al. (2016); 
Jiang et al. (2016); Dou et al. (2016)
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
L45

a
2

0.1T
5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
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1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4
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da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =
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Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2
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erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,

 (⌧) =

Z
d�

Z
d(cos ✓)

Z
dRR

2
@jIR

@L
�(R�R0)⇥

� [⌧ � (R/c)(1� cos ✓)]

= 2⇡
@jIR

@L

Z
1

�1

d(cos ✓)R0c� [cos ✓ � (1� c⌧/R0)]

= 2⇡R0c
@jIR

@L
(16)

where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%

absorbed TDE UV flux  =     IR emission

van Velzen et al. (2016); Lu et al. (2016); 
Jiang et al. (2016); Dou et al. (2016)
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
L45

a
2

0.1T
5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
a
�1

0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:

LIR /
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amax

amin
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. (13)

The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,

 (⌧) =

Z
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Z
d(cos ✓)
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dRR

2
@jIR

@L
�(R�R0)⇥

� [⌧ � (R/c)(1� cos ✓)]

= 2⇡
@jIR

@L

Z
1

�1

d(cos ✓)R0c� [cos ✓ � (1� c⌧/R0)]

= 2⇡R0c
@jIR

@L
(16)

where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity

Transient IR emission from tidal disruption flares 3

where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
L45

a
2

0.1T
5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
a
�1

0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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. (13)

The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,

 (⌧) =

Z
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Z
d(cos ✓)

Z
dRR

2
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= 2⇡
@jIR

@L

Z
1

�1
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= 2⇡R0c
@jIR

@L
(16)

where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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a
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pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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a
�1

0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =
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Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
a
�1

0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
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5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%

absorbed TDE UV flux  =     IR emission

van Velzen et al. (2016); Lu et al. (2016); 
Jiang et al. (2016); Dou et al. (2016)
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
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a
2
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5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
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0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =
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Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15
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Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2
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erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%

absorbed TDE UV flux  =     IR emission

van Velzen et al. (2016); Lu et al. (2016); 
Jiang et al. (2016); Dou et al. (2016)
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Fig. 5.— Di↵erence flux light curves of optical and IR emission TDFs. The circles show the optical observations of the flare; the dashed
line that runs through these points is the light curve of the well-sampled tidal flare PS1-10jh. The baseline-subtracted IR data from WISE
is shown by the square symbols; 1� upper limits are indicated by arrows. Our best-fit model for the IR emission, obtained by reprocessing
the tidal flare light in a shell of hot dust (T = 1850 K), is shown by the solid lines.

First, the bolometric correction may be due to dust
extinction in the host galaxy (i.e., due to dust along
our line of sight to the black hole). This reddening de-
creases the observed black body temperature and, since
the flare SED peaks at UV wavelengths, significantly re-
duces the inferred black body luminosity. The observed
slope of the optical SED of PTF-09ge (T = 2.2⇥ 104 K)
is more shallow than the slope for the Rayleigh-Jeans
limit, hence the intrinsic temperature of this flare could
be higher than the observed temperature. Using the
Calzetti et al. (2000) extinction law to correct the ob-
served optical spectrum of PTF-09ge for a dust column
with EB�V = 0.3 increases the black body luminosity
by a factor ⇡ 8. An analysis of sodium absorption in
the spectra of type 1 AGN suggests that an extinction
of EB�V = 0.3 to a galactic nucleus is not uncommon
(Baron et al. 2016).
Alternatively, if the extinction to the center of the

galaxy is small, the bolometric correction could be ex-
plained by adding an X-ray emitting component to the
flare SED. The TDF ASASSN-14li (Holoien et al. 2015;
Miller et al. 2015; van Velzen et al. 2016) showed two
black body spectra, with temperatures T = 3 ⇥ 104 K
and kT = 0.05 keV. The latter dominates the total en-
ergy output and could thus explain the bolometric cor-
rection to the optical luminosity of PTF-09ge.
If the accretion of stellar debris is radiatively e�cient

(⌘ ⌘ L/ṁc
2 = 0.1), our estimate of the total radiated

energy of PTF-09ge implies an upper bound on the ac-
creted mass of 0.1M�. Recent numerical simulations
(Shiokawa et al. 2015) show a similar mass accretion af-
ter the disruption of a solar type star, hence our ob-
servations are consistent with high radiative e�ciency in
super-Eddington accretion disks (Jiang et al. 2014). This
inference also points to a full disruption of a solar-type
star, while a partial disruption would be inferred if no
bolometric correction is applied to the light curve.

5.3. Dust covering factor

Our observations are the first to probe dust within
0.1 parsec of the center of non-active galaxies. We can

cal/UV observations of TDF are well-described by a black body
spectrum, it is more instructive to define the TDF bolometric cor-
rection with respect to the black body luminosity.

use the total energy radiated in the IR (Edust) and the
energy able to heat graphite dust (Eabs) to find the cov-
ering factor of this dust, fdust = Edust/Eabs. For both
TDFs in our final sample we find fdust ⇠ 1% (Table 3).
The fractional uncertainty on fdust is smaller than

for Labs since the former has a weaker temperature-
dependence. The ratio between the total IR luminos-
ity and the portion we observe at 3.4µm (cf. Eq. 5),
increases with temperature, / T

3 for temperatures '
1800 K, but somewhat less steeply at lower temperatures.
Since Eabs / T

5.8 (Eq. 12), the fractional uncertainty on
the covering factor is a factor ⇡ 2 smaller than the frac-
tional uncertainty on Labs.
Galaxy-to-galaxy fluctuations in the dust size distribu-

tion are expected to have a small influence on the inferred
covering factor. Dust lanes in E/S0 galaxies have an ex-
tinction curve that is similar to the Milky Way (Finkel-
man et al. 2012), which implies a similar peak of the grain
size distribution (Goudfrooij et al. 1994). For a sample
of 26 early-type galaxies, the mean grain size di↵erence
with respect to the Milky Way is 8% (Patil et al. 2007).
Since Eabs / a

2 (Eq. 12), this fluctuation of the grain
size translates to an uncertainty of 0.1 dex on fdust.
While the dust distribution at the centers of galaxies is

not constrained by observations, most mechanisms that
can alter the distribution (e.g., sputtering) will act to re-
duce the number of small grains relative to large grains
and therefore not a↵ect our estimate of the covering fac-
tor, unless there are also agglomerative mechanisms par-
ticular to galactic nuclei.
The information contained in the IR light curve (Fig. 5)

is not su�cient to constrain to what degree the dust ge-
ometry departs from spherical symmetry (see Appendix).
However this does not a↵ect our ability to measure the
covering factor because this parameter is a measure of
the absorbed energy, which is independent of the dust
geometry (this is demonstrated in Fig. 6, right panel).
The covering factor inferred from our observations is al-

most two orders of magnitude smaller than typical dusty
tori in Seyfert galaxies (Barvainis 1987). This is not sur-
prising since a high accretion rate is likely required to
build and sustain a torus that covers a large solid angle
(e.g., Pier & Krolik 1992), while the host galaxies of the
TDFs show no signs of high accretion rates prior to the
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4

d
, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
a
2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /

a
4, we have

L

dL/dt
=

1

4

a

da/dt
(6)

and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,

QUV

Labsa
2

4R2
, (7)

to the rate at which dust radiates (Eq. 5):

R =

✓
Labs

16⇡�SBT
4

d

QUV

hQIRiT

◆1/2

. (8)

Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2

0.1T
1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
L45

a
2

0.1T
5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:

tcool ' 1⇥ 10�4
a
�1

0.1T
�5

1850
s. (11)

As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2

0.1a
2

0.1T
5.8
1850

erg s�1
. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:

LIR /
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da Ldust
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/
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max

. (13)

The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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Z
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= 2⇡R0c
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(16)

where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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where Td is the grain temperature, the factor 42.747 ap-
plies to graphite grains, and we have normalized the grain
size to 0.1 µm.
As the dust evaporates, the IR flux fades rapidly. For

a single dust grain,

Ldust = 4⇡a2 QIR�T
4
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, (5)

with QIR the emission e�ciency. At the wavelength of
our observations and for grains with a & 0.1 µm, QIR /
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2 (cf. Figure 4b in Draine & Lee 1984). Since Ldust /
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4, we have
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and we find the e↵ective sublimation temperature (Tsub)
by equating one fourth of the sublimation time for a given
grain (Eq. 4) to the duration of the TDF. The full width
at half maximum (FWHM) of the optical TDF light
curve of PTF-09ge is �topt ⇡ 3 months, which yields
Tsub = 1850 K. At this temperature, silicate dust subli-
mates in ⇠ 1 hr, hence this grain type can survive only at
larger radii from the black hole compared to graphite. As
we will show below, a large radius leads to a lower IR lu-
minosity because the reprocessed energy is emitted over a
longer time. We therefore model the reprocessing signal
using only graphite grains. The sublimation temperature
is weakly dependent on grain size, e.g., for a = 0.01 µm,
the sublimation temperature is 100 K lower.
Following estimates of the dust heated by AGN or

GRBs (Barvainis 1987; Waxman & Draine 2000), we
compute the radius of a dust shell as a function of its
temperature by equating the rate at which the grains
absorb heat,
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, (7)

to the rate at which dust radiates (Eq. 5):
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Here QUV ⇡ 1 is the absorption e�ciency of the grains
and hQIRiT is the temperature-averaged emission e�-
ciency. The latter depends on the shape of the dust spec-
tral energy distribution (SED). Using a modified black
body spectrum, B0(T ) = ⌫

q
B(T ), with q = 1.8 at the

wavelength of our observations (Draine & Lee 1984), the
emission e�ciency is

hQIRiT = 0.16 a
2
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1.8
1850

(9)

(Draine & Lee 1984, Eq. 6.1) and we thus find the radius
of the dust shell as function of the dust temperature, size
and luminosity of the heat source:

R = 0.15

✓
L45

a
2

0.1T
5.8
1850

◆1/2

pc . (10)

Here L45 = Labs/1045 erg s�1 and T1850 = Td/1850 K.
For T1850 = 1, Eq. 10 yields the sublimation radius. Out-
side the sublimation radius, the grain temperature stays
in close equilibrium with the incident radiation for the
grain cooling time is extremely small:
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As will be discussed below in Section 4, the shape of
the IR light curve can be used to estimate the radius
from the black hole where this emission originates. We
therefore rewrite Eq. 10 to find the luminosity of the flare
as a function of this radius:

Labs = 5⇥ 1044 R
2
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. (12)

From this expression we see that the flare luminosity in-
ferred from the reprocessing light curve is sensitive to
both the dust temperature and the dust grain size. The
dust temperature can be measured using multi-frequency
IR follow-up observations of TDFs; an accurate measure-
ment of this temperature coupled with the flare duration
would place a lower bound on the characteristic grain
size.
For a typical distribution of grain sizes (dn/da ⇡ a

�3.5;
Weingartner & Draine 2001), the largest graphite grains
determine the e↵ective sublimation radius because they
dominate the luminosity at 3 µm:
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The size normalization used in the expressions for R and
Labs (i.e., a = 0.1 µm), is motivated by dust models for
the extinction curve of the Milky Way and the Magel-
lanic Clouds (Weingartner & Draine 2001), which yield
a power-law dust-size distribution with an exponential
cuto↵ at a0.1 ⇡ 1.
The grains heated by the flare, but not evaporated,

reradiate the energy absorbed in the near-IR. However,
because they are distant from the black hole, there is a
significant delay before the IR reaches a distant observer.
To be specific, if the direction from the black hole to
the observer is the polar axis of a system of spherical
coordinates, the delay is given by

⌧ = (R/c)(1� cos ✓), (14)

where R is the radial coordinate of a particular dust grain
and ✓ is its polar angle. In response to an isotropically-
radiated optical/UV flare with light curve L(t), sur-
rounding material produces an IR light curve

LIR(t) =

Z
d⌧  (⌧)L(t� ⌧), (15)

where  (⌧) is the response function. For a spherical
shell of material at radius R0 responding linearly to the
irradiating flux,
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where @jIR
@L is the marginal IR emissivity (when the dust

radiates in the IR exactly the same energy it absorbs from
optical/UV/X-ray flare light, the marginal IR emissivity
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• R ~ 0.1 pc


• Labs ~ 1045 erg/s


• Covering factor:                      
Labs/Ldust ~ 1%

absorbed TDE UV flux  =     IR emission

van Velzen et al. (2016); Lu et al. (2016); 
Jiang et al. (2016); Dou et al. (2016)
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AT2019dsg: first TDE with a neutrino counterpart

• Radio detected


• High UV luminosity          
(2nd highest flux on Earth)


• p=0.005 for change 
coincidence 


• Neutrino arrived late, about 
6 months post peak

Figure 1: Multi-wavelength lightcurve of AT2019dsg. Error bars represent 1� intervals. The upper
panel shows the optical photometry from ZTF, alongside UV observations from Swift-UVOT. The
plateau luminosity is a factor of 10 brighter in UVW2 than the pre-disruption baseline of the host
galaxy. The lower panel shows the integrated X-ray energy flux, from observations with Swift-XRT
and XMM-Newton, in the energy range 0.3-10 keV. Arrows indicated 3� upper limits. The vertical
dotted line illustrates the arrival of IC191001A.
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Radio monitoring with the VLA
Constant energy injection by central engine

Figure 2: Synchrotron analysis. Left: radio measurements from VLA, AMI, and MeerKAT, at four
epochs with times listed relative to the first optical detection. The coloured lines show samples
from the posterior distribution of synchrotron spectra fitted to the measurements, the dashed lines
trace the best-fit parameters. The free parameters are the electron power-law index (p = 2.9±0.1),
the host baseline flux density, plus the magnetic field and radius for each epoch. Right: the energy
and radius for each epoch for a conical outflow geometry with an opening angle of 60�. The dotted
lines indicate a linear increase of both parameters. The last epoch shows a significant (> 3�)
increase over the previous expansion rate of the outflow. Error bars represent 1� intervals.

10

Stein, van Velzen et al. (2021, Nature Astronomy)



AT2019dsg: record-breaking dust echo
Strongest of all ZTF transients (TDEs and AGN)
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“Echo strength”



Systematic search for neutrinos from dust echoes

• Collect all infrared dust echoes 

• Unifies TDEs and AGN flares

• Results:

• Large echoes exclusively from 
low-mass black holes

29

van Velzen, Stein, et al. 
(under review; arXiv:2111.09391)
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Systematic search for neutrinos from dust echoes

• Collect all infrared dust echoes 

• Unifies TDEs and AGN flares

• Results:

• Large echoes exclusively from 
low-mass black holes

• Three events coincident with 
IceCube alerts

• p~10-4   = 3.6 sigma
29

van Velzen, Stein, et al. 
(under review; arXiv:2111.09391)



Consistent multi-wavelength picture

• AT2019dsg: strongest dust echo in ZTF

• AT2019aalc: highest IR echo flux in ZTF

van Velzen, Stein, et al. (arXiv:2111.09391)

Figure 3: Delayed neutrino detections for the accretion flares. For each source, the neutrino
arrived (dotted vertical lines) a few months after the peak of the optical light curve (red and blue
symbols). This delay can be explained by a constant particle acceleration efficiency during the
first ⇠ 1 year of the flare (7). The dust reverberation signal (blue and purple lines) evolves on
longer timescales due to the large length of the dust sublimation radius (⇠ 0.1 pc). From the
duration of the infrared right curve we infer a peak luminosity that is equal or larger than the
Eddington limit for all three flares (Table 1).
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Consistent multi-wavelength picture

• AT2019dsg: strongest dust echo in ZTF

• AT2019aalc: highest IR echo flux in ZTF

• All three neutrino associations:

• Detected in the radio                                   
(uncommon for AGN)

• Detected in X-ray, with soft spectra                                          
(very uncommon for AGN)

van Velzen, Stein, et al. (arXiv:2111.09391)

Figure 3: Delayed neutrino detections for the accretion flares. For each source, the neutrino
arrived (dotted vertical lines) a few months after the peak of the optical light curve (red and blue
symbols). This delay can be explained by a constant particle acceleration efficiency during the
first ⇠ 1 year of the flare (7). The dust reverberation signal (blue and purple lines) evolves on
longer timescales due to the large length of the dust sublimation radius (⇠ 0.1 pc). From the
duration of the infrared right curve we infer a peak luminosity that is equal or larger than the
Eddington limit for all three flares (Table 1).
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Summary: what can TDEs do for you?

• Large samples: measure black hole spin, black 
hole occupation  


• Monitoring X-ray/radio: measure spin (QPOs) 
and accretion physics 


• Neutrino detections: learn about PeV-scale 
particle acceleration 


• Could produce detectable mHz GW emission  
(Stone et al. 2013; Toscani et al. 2020; Pfister et al. 2021)



What is next?

• More neutrinos: KM3NET, IceCube-Gen2 


• More TDEs with Rubin Observatory: 10-1000 per year                                                           


• More detections in (blind) radio surveys: VLASS, DSA-1000, ngVLA, SKA                              


• Optical/UV detections from space: Gaia, EUCLID, ULTRASAT, Roman


• More IR detections: ground based, JWST(?) and NEO surveyor  



What is needed?

• Data: complement Rubin alerts for TDE identification 

• UV follow-up is key: ULTRASAT; UVEX; deep ground-based u-band 


• Data: X-ray high cadence monitoring 


•   Follow-up of optical- or X-ray selected sources 

• Theory: explain extreme variability of AGN; connection to PeV particles



Thanks! 



Backup slides
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Winter is here 3

disk are absorbed and reprocessed into optical photons
(e.g., Guillochon et al. 2014; Auchettl et al. 2017; Dai
et al. 2018). In this scenario the X-rays can only break
out after the obscuring gas has expanded enough to be-
come transparent to X-rays (Metzger & Stone 2016; Lu
& Kumar 2018). However, intrinsically faint soft X-
ray TDEs have also been proposed as a result of de-
layed accretion due to the timescale required for cir-
cularization of the debris into an appreciable accretion
disk (Piran et al. 2015; Krolik et al. 2016; Gezari et al.
2017). Discriminating between these models, and thus
determining if the optical emission is powered by accre-
tion or the stream kinetic energy, is possible by looking
at the relative timing and response of the optical flare
to the soft X-ray emission from TDEs (Pasham et al.
2017). Significant soft X-rays variability has recently
been observed, including a late-time brightening, that
is anti-correlated with the smooth decline of the optical
component (Gezari et al. 2017; van Velzen et al. 2019e;
Wevers et al. 2019a). In this paper, we present four
more optically-selected TDEs with soft X-ray detections,
including both flaring and late-time X-ray brightening,
which provide new constraints on the emission mecha-
nisms.
In §2 we present the selection of TDE candidates from

the ZTF stream and spectroscopic follow-up, as well
as our naming scheme for three spectroscopic classes.
In §3 we investigate the host galaxies of our TDEs,
obtaining estimates of their mass and star formation
histories, followed by §4 which contains the details of
our multi-wavelength follow-up observations. In §5 we
present our light-curve model that is applied to 39 spec-
troscopic+photometric TDEs. In §6 we present corre-
lations between features extracted from our light-curve
model, plus a discovery of di↵erences in the photometric
features between the TDEs of each spectroscopic class.
We adopt a flat cosmology with ⌦⇤ = 0.7 and H0 =

70 km s�1Mpc�1. All magnitudes are reported in the
AB system (Oke 1974).

2. CANDIDATE SELECTION AND
CLASSIFICATION

2.1. Zwicky Transient Facility

Our search for new TDEs is done exclusively using
ZTF data. The strength of ZTF (Graham et al. 2019)
is a combination of depth (m ⇡ 20.5 per visit) and area
(47 deg2 field of view). Most of our sources originate
from the public MSIP survey, which aims (Bellm et al.
2019a) to visit the entire visible Northern sky every 3
nights in both the g and r filters. The use of two filters
is an essential ingredient to our TDE selection pipeline,
since it allows for e�cient photometric filtering (Fig. 1)
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Figure 1. Yield of nuclear transients after 1.5 years of ZTF
observations. Contours enclose two thirds of all spectroscop-
ically classified nuclear supernovae (SNe) in our sample and
two thirds of the AGN. The latter are classified based on
archival data or prior variability. In the top panel we see
that that TDEs have both longer rise times and a longer
fading timescale compared to the majority of SNe. The mid-
dle panel demonstrates that color evolution provides further
separation of TDEs from SNe. Here we display the mean g�r
color and the color change (�(g � r)/t), both measured us-
ing all detections of the light curve. Tidal disruption flares
show an almost constant optical color, while in post-peak
observations most SNe show cooling (i.e., an increase of the
color). For photometric selection of TDEs detected before
maximum light, their blue color and slow rise time of can
be used (bottom panel), although this metric yields a larger
background of SNe.

Photometric selection of TDEs with ZTF



Paintball-based significance (p=0.005)
A neutrino coincident with a tidal disruption event
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AT2019fdr (TDE?): another large dust echo - Reusch et al (arXiv:2111.09390)
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At late-times we see a disk
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Late-time UV emission of TDFs 19

Figure 10. Two-component (disk and power-law) fits for our best-sampled flares. Data identical to Figs. 4 & 5, but showing
the result for a power-law with an index fixed at p = �5/3 plus our disk model. The slowly evolving FUV emission from this
disk model is not important for the early time observations, but provides a good explanation for the late-time observations.

to unobservably low FUV luminosities. A piece of cir-
cumstantial evidence supporting this hypothesis may be
found in Fig. 1. Of all the TDF host galaxies we mod-
eled, the host of TDE1 has the oldest stellar popula-
tion, which is best fit by a single burst of star formation
12.8 Gyr ago, hinting at a low metallicity.
A final possible explanation for the nondetection of

TDE1 is a di↵erent type of disk state change, from a
thermal, radiatively e�cient state to a “low-hard,” ra-
diatively ine�cient accretion flow. In X-ray binaries,
this type of transition is seen to occur at accretion rates
below ⌅ 2% of the Eddington rate (Maccarone 2003).
This type of state change produces a large drop in disk

thermal emission. The M•�� relationship suggests that
TDE1 has one of the highest black hole masses in our
sample, making it plausible that this TDF could have
been the first to undergo such a state transition. Ra-
diatively ine�cient accretion flows are often associated
with e�cient jet launching, and past work has argued
that radio-dim TDFs should become radio-bright at late
times as jets turn on at a low Eddington fraction (van
Velzen et al. 2011; Tchekhovskoy et al. 2014). In our
fiducial, a• = 0.9 grid of models, the present-day ac-
cretion rates in all observed TDFs are well above 2%
of the Eddington rate, with the exceptions of TDE2
(Ṁ = 0.032ṀEdd, for best-fit Mì and ↵) and D3-13

Common for late-
time light curves 

(van Velzen, Stone, et al. 2019)

time since peak (days)

Disk origin confirmed 
with late-time X-ray 

detections                
(Jonker et al. 2019)

*Holoien et al. 2016

*



Surprising X-ray flares
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• Flaring on ~day timescale


• Short “accretion events” of 
mass deflected from stream 
intersection point?


• Similar luminosity for optical/
UV and X-ray


• This ratio is naturally 
explained by small gaps in a 
reprocessing layer covering 
the X-ray emitting engine



URLs for movies:

https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2030&two_columns=0


https://www.youtube.com/watch?v=-_dFQYQCmqk


https://www.nasa.gov/feature/goddard/2021/nasa-s-swift-helps-tie-neutrino-to-star-shredding-black-hole

https://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=2030&two_columns=0
https://www.youtube.com/watch?v=-_dFQYQCmqk
https://www.nasa.gov/feature/goddard/2021/nasa-s-swift-helps-tie-neutrino-to-star-shredding-black-hole

